Aspartic proteases (APs) comprise a large proteolytic enzyme family widely distributed in animals, microbes, viruses, and plants. The rice genome encodes 96 APs, of which only a few have been functionally characterized. Here, the identification and characterization of a novel AP gene, OsAP65, which plays an indispensable role in pollen tube growth in rice, is reported. The T-DNA insertion line of OsAP65 caused severe segregation distortion. In the progeny derived from an individual heterozygous for the T-DNA insertion, the wild type and T-DNA-carrying heterozygote segregated at a ratio close to 1:1, while homozygotes of disrupted OsAP65 (OsAP65-/-) were not recovered. Reciprocal crosses between heterozygotes and wild-type plants demonstrated that the mutant alleles could not be transmitted through the male gamete. Examination of the anthers from heterozygous plants revealed that the mutant pollen matured normally, but did not germinate or elongate. OsAP65 was expressed in various tissues and the transcript level in heterozygous plants was about half of the amount measured in the wild-type plants. The subcellular localization showed that OsAP65 is a pre-vacuolar compartment (PVC) protein. These results indicated that OsAP65 was essential for rice pollen germination and tube growth.
Introduction
Aspartic proteases (APs) comprise one of the four superfamilies of proteolytic enzymes and are widely distributed in all living organisms (Davies, 1990; Rawlings and Barrett, 1995) . The Arabidopsis and rice genomes contain at least 69 and 96 putative AP genes, respectively (Takahashi et al., 2008; Chen et al., 2009) . However, the functions of the majority of the members in this family are still unknown. Some studies have identified important roles for AP genes in development of Arabidopsis and rice. For instance, Arabidopsis CONSTITUTIVE DISEASE RESISTANCE 1 (CDR1) is involved in salicylic acid-mediated disease resistance. Overexpression of CDR1 produced dwarf plants with resistance to Pseudomonas syringae, whereas antisense CDR1 plants were more susceptible to virulent strains than the wild type (Xia et al., 2004) . PROMOTION OF CELL SURVIVAL 1 (PCS1) plays an important role in cell fate determination during the reproductive process and embryonic development in Arabidopsis (Ge et al., 2005) . ASPARTIC PROTEASE IN GUARD CELL1 (ASPG1) is preferentially expressed in guard cells of various aerial tissues. Overexpression of ASPG1 could confer drought avoidance via abscisic acid (ABA)-dependent signalling in Arabidopsis (Yao et al., 2012) .
S5 is an important locus that regulates indica-japonica hybrid sterility by conditioning embryo-sac abortion in rice. S5 is composed of three tightly linked genes interacting in a killer-protector system in which the S5 ORF5 gene encodes an AP. S5 ORF5+ (indica type) can cause endoplasmic reticulum stress, which results in premature programmed cell death and leads to embryo-sac abortion (Chen et al., 2008; Yang et al., 2012) . In addition, some other APs have also been characterized in rice. The mRNA of Oryzasin 1 was detected in leaves, roots, and seeds at 2-6 weeks after flowering and 3-5 d after germination (Asakura et al., 1995) . OsAsp1 is expressed in a wide range of tissues, most abundantly in zygotic embryos 1-2 d after fertilization. However, the detailed function of OsAsp1 is still unknown (Bi et al., 2005) . Ectopic expression of rice CONSTITUTIVE DISEASE RESISTANCE 1 (OsCDR1) in Arabidopsis and rice led to enhanced resistance against bacterial and fungal pathogens, indicating conservation of CDR1 function in both species (Prasad et al., 2009) . OsAP25 and OsAP37 that are highly expressed in tapetal cells promote cell death in yeasts and plants (Niu et al., 2013) .
In flowering plants, pollination and fertilization are crucial steps for sexual reproduction. The pollen grain germinates to form a pollen tube for transporting the male gametes to the female gametophytes during sexual reproduction (Hulskamp et al., 1995; Johnson and Preuss, 2002; Lord and Russell, 2002) . Studies have shown that many genes play roles in the pollen tube growth process (de Graaf et al., 2005; Yoon et al., 2006; Deng et al., 2010; Wu et al., 2010) . For example, VANGUARD1 (VGD1) encodes a pectin methylesterase (PME)-homologous protein and is expressed specifically in pollen grain and pollen tube. The vgd1 pollen tubes grow much more slowly than those of the wild type within the style and the transmitting tract. In addition, vgd1 pollen tubes are unstable, bursting more frequently than the wildtype tubes when germinated and grown in vitro (Jiang et al., 2005) . To the authors' knowledge, only two genes affecting pollen tube growth have been reported in rice. One is OsSUT1 which encodes a sucrose transporter and is expressed in various tissues of the rice plant, such as leaf blades, leaf sheaths, internodes, and developing caryopsis. OsSUT1 is essential for pollen to fertilize the ovule normally, probably through its function(s) in pollen germination and/or pollen tube growth (Hirose et al., 2010) . The other is OsImpβ1 encoding a protein located in the nucleus that is specifically required for pollen tube elongation (Han et al., 2011) .
In this report, a rice AP gene, OsAP65, was identified and characterized. The OsAP65 T-DNA insertion line showed segregation distortion such that an insertion homozygote could not be recovered. Genetic and phenotypic analyses indicated that OsAP65 is involved in pollen tube growth, but does not affect pollen maturation. This study provides new insight into the functional role of APs in plant development.
Materials and methods

Plant materials and growth conditions
The OsAP65 T-DNA insertion line 4A-01549, which had the genetic background of rice variety Dongjin (Oryza sativa ssp. japonica), was obtained from the POSTECH RISD database (http://www.postech. ac.kr/life/pfg/risd/) (Jeon et al., 2000; Jeong et al., 2006) . Two indica rice varieties Zhenshan 97A and Minghui 63 were used in crosses with the heterozygous OsAP65+/-plants. The rice plants were grown under normal field conditions in the rice growing season and in a greenhouse in the winter.
Genotyping the mutant plants
The genotype of each plant in the T-DNA insertion line was determined by PCR. Genomic DNA was extracted from fresh leaves of each plant using the cetyltrimethyl ammonium bromide (CTAB) method (Murray and Thompson, 1980) . The amplification of genomic band was set up in a 15 μl volume system containing 30 ng of DNA template, together with 1.5 μl of 2 mM dNTP, 7.5 μl of 2× GC buffer I, 0.15 μl of each forward and reverse primer (both 10 μM), and 0.1 μl of 5 U μl -1 rTaq polymerase (TaKaRa, Japan). The amplification of the T-DNA insertion band was in a 20 μl volume system containing 30 ng of DNA template, together with 2 μl of 2 mM dNTP, 2 μl of 10× PCR buffer, 0.2 μl of each forward and reverse primer (both 10 μM), and 0.2 μl of 5 U μl -1 rTaq polymerase. The PCR amplifications were performed on Gene AMP PCR system 2700 or 9700 (Applied Biosystems, CA, USA), with the following profile: 94 °C for 5 min, 30 cycles of 94 °C for 40 s, 58 °C for 40 s, and 72 °C for 60 s, and a final 10 min extension at 72 °C. The primers for genotyping are listed in Supplementary Table S1 available at JXB online. The same PCR primers were used for genotyping the callus as used for genetic transformation.
Determining the full-length transcript
Total RNA was isolated from young rice panicles using the TRIzol reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. First-strand cDNA synthesis, 5′-RACE (rapid amplification of cDNA ends), and 3′-RACE were performed using the SMART RACE cDNA Amplification Kit (Clontech, CA, USA). For 5′-RACE, the first round of PCR was performed using the primers UPM and 65-5′GSP, and the second round was performed using the primers NUPM and 65-5′NGSP. For 3′-RACE, primers UPM and 65-3′GSP were used in the first round of PCR, and NUPM and 65-3′NGSP in the second round (Supplementary Table S1 at JXB online). The UPM and NUPM primers were provided in the kit. The coding sequence of OsAP65 was amplified by reverse transcription-PCR (RT-PCR) using primers 65CDS-L and 65CDS-R2 (Supplementary Table S1 ), ligated into pGEM-T vector (Promega, WI, USA), and sequenced using the T7, 65-513L2, 65-1159L4, and SP6 primers (Supplementary Table S1 ).
RNA extraction and qPCR analysis
TRIzol reagent (Invitrogen) was used to extract the total RNA. For qPCR (quantitative real-time PCR) analysis, 3 μg of total RNA was digested using DNase I and reverse-transcribed using Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's instructions. The details of the procedure for qPCR were as described previously (Yang et al., 2012) . The primers for the qPCR are listed in Supplementary Table S1 at JXB online. Rice Actin1 (LOC_Os03g50885) was used as the internal control. The relative expression levels were analysed using the 2 −ΔΔC T method (Livak and Schmittgen, 2001) .
Genetic transformation
For genetic complementation, the full-length CDS (coding sequence) fragment of OsAP65 was amplified by PCR using primers 65CDS-KpnI-F2 and 65OE-R2 (Supplementary Table S1 at JXB online). The target fragment was digested with KpnI and BglII (TaKaRa) and directionally inserted into the modified pU2301-FLAG vector (Sun and Zhou, 2008) . The empty pU2301-FLAG vector was also transformed as the negative control. The heterozygous calli generated from OsAP65 insertional heterozygous plants were used for rice transformation. The genotypes of transgenic plants and their progeny were examined by PCR amplification using gene-specific primers (Supplementary Table S1 ).
Microscopic observation of pollen
To examine the pollen grains, mature flowers 1 d or 2 d prior to anthesis were collected and fixed in 70% (v/v) ethanol at room temperature until use. Anthers from mature flowers were dissected and the pollen grains were stained with I 2 -KI staining (0.2% iodine and 2% potassium iodide). The total number of the pollen grains was counted under a bright field microscope (DM4000B, Leica, Wetzlar, Germany). Only pollen grains densely stained by the I 2 -KI solution were counted as mature pollen. For 4′,6-diamidino-2-phenylindole (DAPI) staining, pollen grains were fixed in EAA solution (100% ethanol:acetic acid = 3:1) for 1 h at room temperature then dehydrated through an ethanol series (75, 55, and 35%). The pollen grains were stained in a 1 μg ml -1 DAPI solution for 1 h at 60 °C in the dark. The DAPI solution consists of 1 μl of DAPI (1 mg ml -1 ), 40 μl of EDTA (25 mM), 1 μl of Triton X-100, and 958 μl of phosphate buffer (0.1 M, pH 7.0). The stained pollen grains were observed using a microscope under UV light (DM4000B, Leica).
To evaluate the pollen germinability in vitro, pollen grains from dehisced anthers were germinated on a glass slide at 33 °C for 30 min in a pollen germination medium (Han et al., 2011) where the relative humidity was maintained above 90%. The pollen grains were observed under a bright field microscope (DM4000B, Leica).
To investigate the growth of pollen tubes in vivo, aniline blue staining of pollen tubes in pistils was performed. The spikelets were collected 2 h after anthesis and fixed in FAA solution (100% ethanol:acetic acid:formalin = 14:1:2) for 16 h. The fixed pistils were washed three times with distilled water and treated in softening solution of 1 M NaOH for 8 h. Then, the pistil tissues were washed in distilled water and stained in aniline blue solution (0.15 M aniline blue in 0.1 M K 2 HPO 4 buffer, pH 8.2) for 10 min in the dark. The stained pistils were observed and photographed with a Leica DM4000B fluorescence microscope.
For scanning electron microscopy (SEM) and transmission electron microscopy (TEM) observations, anthers at maturity were prepared according to previously reported methods (Dai et al., 2011; Li et al., 2011) .
RNA in situ hybridization
Tissue preparation, in situ hybridization, and immunological detection were performed as described previously (Xue et al., 2008) . The OsAP65 probe was PCR-amplified using the gene-specific primers 65-situ-F and 65-situ-R (Supplementary Table S1 at JXB online) and the PCR fragment was inserted into the pGEM-T vector. The sense and antisense probes were transcribed in vitro by SP6 and T7 transcriptase, respectively, using a digoxigenin RNA labelling kit (Roche, Switzerland).
Subcellular localization of the protein
The full-length CDS of OsAP65 was amplified by PCR using primers 65CDS-L and 65CDS-R2 (Supplementary Table S1 at JXB online) and directionally inserted into the modified transient expression vector pBI221 for fusion with the reporter gene GFP (green fluorescent protein). Arabidopsis mesophyll protoplast isolation and transfection were carried out as described (Yoo et al., 2007) . Each time, 20 μg of the CsCl-purified plasmid DNA was transfected. After incubation at 23 °C for 12-24 h, protoplasts were observed for fluorescent signal by a confocal microscopy (TCS SP2, Leica). The plasmids encoding the mitochondrial marker F1-ATPase-γ:RFP (red fluorescent protein) (Jin et al., 2003) , the Golgi marker Man1-RFP (Nebenführ et al., 1999) , and pre-vacuolar compartment (PVC) marker RFP-AtVSR2 (Miao et al., 2006) were as described previously.
Results
Identification of the OsAP65 T-DNA insertion line
Putative T-DNA insertion lines for 40 OsAP genes were collected from two large T-DNA tagging populations (Jeon et al., 2000; Wu et al., 2003; Jeong et al., 2006) and 24 lines had the correct T-DNA insertion sites by PCR genotyping. The rice lines were planted in a normal paddy field and some obvious changes in phenotype were observed, such as dwarf plants, curled leaves, delayed heading date, small seeds, and semi-sterility/sterility. However, these phenotypes did not co-segregate with the T-DNA insertion, presumably resulting from tissue culture or multiple copies of T-DNA insertion. Many of the lines did not show obvious phenotypic changes. One line (4A-01549) from the POSTECH RISD database has an insertion in the second exon of LOC_Os07g40260 encoding an AP and was named OsAP65 in the uniform nomenclature of the OsAP gene family (Chen et al., 2009) . Although no obvious phenotypic alteration was observed under natural field conditions ( Supplementary Fig. S1 at JXB online), a genetic analysis of the T-DNA insertion revealed that the progeny from self-pollinated OsAP65+/-(+ represents the wild-type allele, and -indicates the insertional mutant) plants displayed a segregation ratio of ~1:1:0 (OsAP65+/+:OsAP65+/-:OsAP65-/-), rather than the expected 1:2:1 Mendelian ratio. No OsAP65-/-homozygous plant was found in the progeny (Table 1 ; Supplementary Fig. S2 ).
T-DNA insertion in OsAP65 causes a male gametophyte defect
To determine whether the T-DNA insertion was associated with the defect in male or female gametophytes, or both, OsAP65+/-plants were used as male or female parents to cross with wild-type plants. As shown in Table 2 , when the OsAP65+/-plants were used as female parents, both wildtype and heterozygous progeny were obtained. However, when OsAP65+/-plants were used as the male parents, only wildtype progeny were produced. These results indicated that pollen carrying the mutant allele was defective and the OsAP65 T-DNA insertion allele could not be transmitted through the male gamete (pollen). Thus, the inability to recover OsAP65-/-plants was due to a severe defect in the male gametophyte.
Phenotypic characterization of the OsAP65 T-DNA insertion line
To investigate how OsAP65 affects pollen development and function, the total number of pollen grains in an anther and the rate of mature pollen were examined using iodine staining. The result showed that the total number of pollen grains in an anther and the percentage of mature pollen of OsAP65+/-plants were not different from those of OsAP65+/+ plants (Fig. 1) .
DAPI staining showed that all pollen grains from both OsAP65+/-and OsAP65+/+ plants contained three nuclei in the mature pollen: two bright, intensely stained sperm nuclei and one diffuse, weakly stained vegetative nucleus ( Fig. 2A, B ). This analysis indicated that the mutation did not affect sperm cell development and division. SEM was used to examine the surface of the pollen grains, and no significant difference in pollen morphology could be detected between the OsAP65+/-and OsAP65+/+ plants (Fig. 2C, D, F, G) . TEM scanning of pollen grains at maturity did not reveal subcellular changes between the OsAP65+/-and OsAP65+/+ plants (Fig. 2E, H) . This also implies that disruption of OsAP65 does not cause a visible difference in pollen morphology. Pollen germination and pollen tube elongation were then examined in vitro and in vivo. The percentage of germinated pollen grains in vitro was found to be significantly lower in OsAP65+/-plants (56.78%) than in OsAP65+/+ plants (79.64%) (Fig. 2I, J, L) . Moreover, the in vivo pollen germination rate of OsAP65+/-plants was 70.60% compared with 86.96% in OsAP65+/+ plants (Fig. 3) . These results indicated that the disruption of OsAP65 might affect pollen germination or pollen tube elongation.
Sequence analysis of OsAP65
The complete transcript of OsAP65 (1896 bp) was obtained by RACE using RNA isolated from young panicles. OsAP65 is predicted to be an AP (PF00026) and the predicted protein consisted of 631 amino acids ( Supplementary Fig. S3A at JXB online). A signal peptide in the N-terminus, an AP domain in the middle, and a transmembrane domain at the C-terminus were identified using SMART (http://smart.emblheidelberg.de/) and pfam (http://pfam.sanger.ac.uk/) searches. Two active sites containing aspartate (D) residues (D109 and D305) characteristic of APs (Rawlings and Barrett, 1995) were identified with pfam analysis (Supplementary Fig. S3B ). Unlike other plant APs, OsAP65 does not have the plant-specific insert (PSI) sequence (Simões and Faro, 2004) (Fig. 4) .
Genetic complementation of the OsAP65 T-DNA insertion line
The genomic sequence of the OsAP65 gene is 8322 bp in length, with 12 exons and 11 introns according to the MSU Rice Genome Annotation Project Database (Release 7 of MSU RGAP; http://rice.plantbiology.msu.edu/). The T-DNA was inserted in the second exon ( Supplementary  Fig. S4A at JXB online). To confirm that the male defect was caused by the T-DNA interruption in OsAP65, the CDS of OsAP65 under the control of the maize ubiquitin promoter was introduced into OsAP65+/-plants ( Supplementary  Fig. S4B ). Segregation analysis of T 1 families from three independent transformants showed that the homozygous OsAP65-/-plants were recovered in all three lines (Table 3 ; Supplementary Fig. S5 ). Moreover, the percentage of germinated pollen grains of the transformants (72.23%) was recovered to the level of the OsAP65+/+ plants (79.64%) (Fig.2I, K, L) . In contrast, no homozygous OsAP65-/-plants could be found in progeny of the plants transformed with the empty pU2301-FLAG vector (Table 3 ). This result confirmed that the male gametophyte defect is caused by the T-DNA insertion in the OsAP65 gene.
Expression pattern of OsAP65
To investigate the expression pattern of OsAP65, the CREP database (http://crep.ncpgr.cn/crep-cgi/home.pl), which contains a large amount of microarray data covering the whole life cycle of the rice plant , was searched. OsAP65 was expressed in callus, root, stem, leaf, sheath, panicles of different developmental stages, and endosperm (Fig. 5A) . A qPCR analysis showed that the transcript level in OsAP65+/-plants was about half of that measured from T-DNA negative (OsAP65+/+) plants (Fig. 5B) .
RNA in situ hybridization of OsAP65 was also performed in anthers at different developmental stages and in vegetative tissues. OsAP65 was detected in the parietal anther wall layers and microsporocyte (or microspore) in all the examined stages of developing anther (Fig. 5C-F) . OsAP65 transcript was also detected in epidermal cells and vascular tissues of the roots (Fig. 5G) , epidermal layer of the stems (Fig. 5H) , mesophyll cells, and the vascular tissues of the leaf blades (Fig. 5I) . Thus the RNA in situ hybridization results also showed that OsAP65 signals were detected in most of the tissues.
Subcellular localization of OsAP65
To investigate the subcellular localization of OsAP65 protein, a vector expressing a translational fusion of GFP and OsAP65 under the control of the Cauliflower mosaic virus (CaMV) 35S promoter was constructed and transformed into Arabidopsis protoplasts. As shown in Fig. 6 , OsAP65-GFP displayed a punctate staining pattern, which presumes a distribution in the mitochondria, Golgi, or PVC. Co-expression of OsAP65-GFP and the mitochondrial marker F1-ATPase-γ: RFP showed that OsAP65 was not localized in the mitochondria ( Fig. 6A-D) . Some of the OsAP65-GFP green fluorescent signals overlapped with the red fluorescent signals of the Golgi marker Man1-RFP ( Fig. 6E-H) . However, OsAP65-GFP and the PVC marker RFP-AtVSR2 overlapped completely when co-expressed in Arabidopsis protoplasts (Fig. 6I-L) . Therefore, OsAP65 is predominantly localized in the PVC, while Golgi localization is minimal. 
Discussion
APs have been found to play important roles in the regulation of various biological processes in different plant species, such as leaf senescence (Kato et al., 2004) , immunity response (Xia et al., 2004; Prasad et al., 2009) , programmed cell death (Ge et al., 2005; Niu et al., 2013) , reproductive isolation (Chen et al., 2008; Yang et al., 2012) , and abiotic stress (Yao et al., 2012) . However, the biological functions of plant APs are poorly understood or still hypothetical. Ge et al. (2005) collected the putative knockout lines of Arabidopsis AP genes and found that the T-DNA insertion lines of PCS1 exhibited severe segregation distortion and were unable to produce any homozygous progeny. In this study, the T-DNA insertion lines were analysed for OsAP genes and it was found that the OsAP65 T-DNA insertion line also exhibited severe segregation distortion and the OsAP65-/-homozygote was not obtained among ~500 progeny individuals of OsAP65+/-plants examined. However, the reason for segregation distortion of PCS1 is different from that of OsAP65. The disruption of PCS1 affects both male gametophyte and female gametophyte transmission and embryogenesis (Ge et al., 2005) , while disruption of OsAP65 does not affect female gametophyte transmission and embryogenesis, indicating that these two genes may have divergent physiological functions. OsAP65 is expressed in certain vegetative tissues including root, stem, and leaves. However, the lack of homozygous mutant plants prevented investigation of OsAP65's role in vegetative organs.
In vitro and in vivo germination assays indicated that more than half of the pollen grains from OsAP65+/-plants compared with OsAP65+/-plants were able to germinate, but the mutant allele OsAP65-could not be transmitted via the male gametes, suggesting that OsAP65 is also required for pollen function after germination. A similar phenotype has also been observed in other male gametophytic mutants; for example, SETH1 and SETH2, which encode two conserved proteins involved in the glycosylphosphatidylinositol (GPI) biosynthetic pathway, affect both pollen germination and tube growth (Lalanne et al., 2004a) . NPG1, encoding a calmodulin-binding protein in Arabidopsis, is essential for pollen germination (Golovkin and Reddy, 2003) . MALE GAMETOPHYTE DEFECTIVE 2, encoding a sialyltransferase-like protein, is required for normal pollen germination and pollen tube growth in Arabidopsis (Deng et al., 2010) . The pollen germination of the seth6 mutant was completely blocked, while the seth7 pollen showed both reduced pollen germination and decreased pollen tube growth (Lalanne et al., 2004b) . Despite the phenotypic similarity of OsAP65 and those genes, it still remains unclear whether OsAP65 works in the same regulatory pathway as SETH1 and SETH2 and other genes that play roles in pollen germination and pollen tube growth.
APs comprise one of the four superfamilies of proteolytic enzymes. The main function of AP is to hydrolyse substrate to support the biological processes related to growth, development, and other activities; it may be speculated that OsAP65 here degrades a specific substrate and produces some substance necessary for pollen germination and pollen tube growth. When OsAP65 was disrupted, this substrate may not be degraded in a timely manner, resulting in impaired pollen germination and pollen tube growth. However, the physiological function of OsAP65 will not be entirely clear until its substrates are identified. A recent article showed that two rice AP genes, OsAP25 and OsAP37, that were promoted by ETERNAL TAPETUM 1, trigged programmed cell death in tapetal cells in rice anthers (Niu et al., 2013) . OsAP65 may participate in a molecular pathway causing male sterility in the same way as OsAP25 and OsAP37. Nevertheless, the present results demonstrate a critical role for OsAP65 in fertilization through its function in pollen tube growth, but not pollen maturation.
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